Introduction
Severe plastic deformation (SPD) methods are very effective procedures for processing bulk ultrafine-grained (UFG) metals [1, 2] . One of the most frequently used methods is equal-channel angular pressing (ECAP) [1] where it is possible to produce bulk UFG materials having dimensions of several centimeters in all directions. The high strength of the ECAP-processed metals is attributed to the small grain size and the high dislocation density [3] . The thermal stability of the UFG microstructures is a very important issue from the point of view of their practical applications as if a recovery or recrystallization occurred, the high strength would be reduced. It has been shown recently that pure Ag samples processed by ECAP were very unstable due to their low stacking fault energy (SFE) and the UFG microstructure was self-annealed even at room temperature (RT) [4] . It is well known that impurities can hinder recovery and recrystallization due to their pinning effect on lattice defects, such as dislocations or grain-boundaries [5, 6] . In this paper, the effect of impurity content on the stability of the UFG microstructure in Ag at RT and high temperature is studied. The latter experiments were carried out in a differential scanning calorimeter (DSC).
Materials and Experimental Procedures
Samples of silver of 99.99 at.% (4N) and 99.995 at.% (4N5) purity were manufactured by American Elements and ESPI Metals, respectively. The alloying elements and their concentrations are listed in Table 1 . For both compositions, billets having lengths of approx. 70 mm and diameters of 10 mm were annealed for 1 hour at 741 K and then they were processed through 1, 4, 8 and 16 passes of ECAP at RT with a pressing velocity of 8 mm·s -1 . The ECAP was performed using route B c where the billet is rotated in the same sense by 90° around its longitudinal axis after each pass [7] . The ECAP die had an internal channel angle of 90° and an outer arc of curvature of 20°. In this configuration one pass corresponds to an equivalent strain of ~1 [8] .
The microstructures of the ECAP-processed specimens were investigated by X-ray line profile analysis on transverse sections cut perpendicular to the axes of the billets. The measurements of the X-ray diffraction lines were performed using a special high-resolution diffractometer (Nonius FR591) with CuKα 1 radiation having a wavelength of λ = 0.15406 nm. The line profiles were evaluated using the extended Convolutional Multiple Whole Profile (eCMWP) fitting procedure [9, 10] . In this method, the diffraction pattern is fitted by the sum of a background spline and the convolution of the theoretical line profiles related to the crystallite size, dislocations and twin faults. This procedure gives the dislocation density and the twin-boundary frequency with good statistics. The twin-boundary frequency is defined as the fraction of twin boundaries among the {111} lattice planes. The grain structure was examined using a FEI Quanta 3D scanning electron microscope (SEM) and a Philips CM-20 transmission electron microscope (TEM) operating at 200 kV. The TEM samples were mechanically thinned to ~80 µm, cooled to liquid nitrogen temperature and then thinned with 6 keV Ar + ions from both sides until perforation. Finally, a thin damaged layer was removed using 2 keV Ar + ions. Hardness measurements were carried out on samples cut perpendicular to the longitudinal axis of the ECAP-processed billets. The hardness was measured using a Zwick Roell ZHµ Vickers microhardness indenter with a maximum applied load of 2000 mN and a dwell time of 10 s. The hardness of each sample was obtained as an average of at least 8 values determined along the diameter of the specimen. It is noted that systematic radius-dependence of the hardness was not observed.
The samples were stored at RT and hardness testing as well as X-ray line profile analysis were performed monthly in order to monitor the self-annealing of the samples. The thermal stability at elevated temperatures was investigated by DSC using a Perkin Elmer (DSC2) calorimeter with a heating rate of 10 K/min up to 600 K. The heat released during annealing was determined as the area under the exothermic peak detected in DSC experiments.
Results and Discussion
Microstructure After Processing by ECAP. The initial grain size was ~60 µm for both 4N5 and 4N purity Ag samples before ECAP-processing as determined by SEM. After one pass of ECAP it was reduced to ~20 µm. After four passes the mean grain size was about 200 nm for both impurity levels and did not change considerably in further ECAP-processing. As an example Figs.1a and b show TEM images taken on 4N5 and 4N purity samples, respectively, processed by 8 ECAP passes. It can be concluded that the minimum grain size in Ag achievable by ECAP at RT is not very sensitive to the impurity level in the range between 4N5 and 4N.
The dislocation density and the twin boundary frequency were determined by X-ray line profile analysis and plotted in Figs. 2a and b, respectively. After one pass the dislocation density was higher for 4N purity Ag (2.6 ± 0.4 × 10 15 m -2 ) than for the 4N5 purity counterpart (1.6 ± 0.2 × 10 15 m -2 ). However, the evolution of the dislocation density during further passes was similar for both Materials Science Forum Vol. 729 223 impurity concentrations (see Fig. 2a ). It increased up to 8 passes, reaching a very large saturation value of 4.6 ± 0.5 × 10 15 m -2 , then it decreased between 8 and 16 passes. The saturation value is exceptionally high compared to other pure face centered cubic (fcc) metals [11] , which can be explained by the hindered annihilation of the highly dissociated dislocations in Ag having low SFE. It is well known that lattice dislocations in fcc structures dissociate into partials, having an equilibrium splitting distance inversely proportional to SFE. Since SFE is very low in Ag (16-22 mJ·m -2 [12, 13] ), it leads to a very high splitting distance between partial dislocations. Contrary to dislocation density, the evolution of twin boundary frequency is different for the two impurity levels (see Fig. 2b ). In 4N5 purity Ag the twin boundary frequency increased monotonously up to 16 passes while for 4N purity specimens it decreased after 4 passes. This difference can be explained by the various impurity levels of the two materials. After 4 passes the grain size was reduced to ~200 nm, and in this range twins are mainly nucleated at the grain boundaries [14] . Since impurities are usually segregated at the grain boundaries in UFG microstructures [15] , therefore the higher impurity content in 4N Ag more effectively hindered the nucleation of twins and due to the interaction between dislocations and twins untwining occurred inside the grains during ECAP. This effect led to a decrease in the twin boundary frequency for more than 4 passes in the case of 4N purity Ag. 
Thermal Stability at Room
Temperature. An earlier study [4] has shown that in 4N5 purity Ag samples self-annealing occurred during storage at RT. Figs. 2c plots the microhardness for 4N5 samples processed by 1-16 passes of ECAP as a function of the storage time at RT. After 1 pass in both 4N5 and 4N purity samples the hardness remained unchanged in the period of 4 months under review. At the same time, the decrease of the hardness with increasing time for 4N5 purity specimens deformed by 4-16 passes clearly indicates a self-annealing. A former study [4] has revealed that both recovery and recrystallization occurred during storage of the ECAP-processed Ag samples. The larger the number of ECAP passes, the faster the hardness reduction for 4N5 purity samples (see Fig. 2c ). Although, the dislocation density and therefore the driving force for recovery and recrystallization decreased between 8 and 16 passes, the fastest self-annealing was observed for the specimen processed by 16 passes. This can be explained by the highest twin boundary frequency among the studied samples as the strongly twinned volumes can act as nuclei for recrystallization thereby accelerating self-annealing [4] . The hardness versus storage time plot for 4N purity samples in Fig. 2d indicates that the two times larger impurity content resulted in a much higher stability that can be attributed to the pinning effect of impurities on dislocations and grainboundaries.
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Materials Science, Testing and Informatics VI Thermal Stability at Elevated Temperatures. Fig. 3a shows the DSC thermograms measured at a heating rate of 10 K/min for both 4N5 and 4N purity Ag samples processed by ECAP. An exothermic peak was observed for each sample that corresponds to the recovery and recrystallization of the ECAP-processed UFG microstructure. The maxima of the peaks are at the temperatures of 445 K, 408 K, 405 K and 412 K for 4N5 purity samples and 488 K, 421 K, 421 K and 417 K for 4N purity specimens processed by 1, 4, 8 and 16 passes, respectively. It can be concluded that the temperature of recovery/recrystallization is much smaller for 4-16 passes than for 1 pass for both series due to the smaller grain size and the higher defect density that give a larger driving force for annealing processes. For each number of passes the temperature of peak maximum is higher while the released heat is lower for the 4N purity sample than for the 4N5 purity counterpart. This can be explained by the hindering effect of impurities on recovery and recrystallization. It is noted that in the case of 4N5 purity Ag, the high-temperature stability of the sample processed by 16 passes is not worse than for the specimens processed by 4 or 8 passes, while the self-annealing at RT was the fastest for the former sample as shown in the previous section. This can be explained by the large number of recrystallization nuclei formed at high temperatures that suppress the role of the twinned volumes developed during ECAP-processing. It can be seen that Ag samples with higher impurity content exhibited lower released heat that can be explained by the pinning effect of solute atoms on lattice defects and therefore it is suspected that after DSC scans a considerable amount of lattice defects still remained in the materials. Indeed, the TEM image in Fig. 4b reveals a large density of dislocation loops appearing as dark spots in the picture taken after the DSC scan for the 4N purity Ag sample processed by 4 passes. The volume density of the loops is about 8 × 10 22 m -3 . A systematic analysis of a large number of images gave that 70 percent of the loops has ½<110> and 30 percent has ⅓<111> Burgers-vectors. The latter type of loops are vacancy agglomerates on {111} lattice planes (Frank-loops). The formation of these vacancy clusters with large density during annealing is a consequence of the very low SFE in Ag since the interior of a Frank-loop is actually a stacking fault on {111} lattice plane. Most probably, both types of dislocation loops were formed around the larger impurity atoms due to their attractive interactions. Therefore, it is a reasonable assumption that in 4N purity samples the density of the remaining loops is much larger than in 4N5 purity counterparts that yields a smaller released heat during DSC experiments if the similar microstructures immediately after ECAP are taken into account. 
Conclusions

1.
The results show that the minimum grain size in Ag achieved by ECAP at RT was ~200 nm irrespective of the impurity atom concentration. The evolution of dislocation desity was also similar for both 4N5 and 4N purity levels. On the other hand, the evolution of twin boundary frequency was very different for the two impurity concentrations. As in UFG microstructures twins mainly form at grain-boundaries, the impurity segregation in the boundaries yielded lower twin boundary frequency in 4N purity samples compared to 4N5 purity counterparts for large number of ECAP passes.
2.
The samples processed by 4-16 passes of ECAP showed a self-annealing during storage at RT. Despite the very small difference in impurity concentrations, 4N purity samples showed much better stability during storage at RT than that for 4N5 purity counterparts. It seems that in addition to the pinning effect of impurities on lattice defects the smaller twin boundary frequency also stabilizes the UFG microstructure in 4N purity specimens since strongly twinned volumes act as nuclei for recrystallization.
3.
The exothermic DSC peaks for 4N purity samples appeared at higher temperatures and the released heat values were smaller than in the case of 4N5 purity specimens. The better hightemperature stability of 4N purity samples can be explained by the hindering effect of impurities on recovery and recrystallization of the UFG microstructures. It was found that a large density of dislocation loops remained in the samples after the DSC peak. As these loops most probably formed around the large impurity atoms, the smaller released heat for 4N purity samples can be attributed to the larger remaining energy stored in these loops.
